Hwang IS, Yang ZR, Huang CT, Guo MC. Reorganization of multidigit physiological tremors after repetitive contractions of a single finger.
PHYSIOLOGICAL TREMOR is a normal limb oscillatory activity that can be recorded in distal limb segments with lightweight accelerometers. A number of investigations of physiological tremor agree that oscillatory activity is not just biological noise or variability in motor output. It correlates well with motor unit synchrony and alternating firing of antagonist pairs (32) . Physiological tremor is multifactorial in origin, including mechanical resonances of the limb segments, peripheral manifestation of the 8-to 12-Hz central rhythm (32, 36) , and 20-to 40-Hz oscillatory activities that are subject to gain modification in the stretch reflex arc (29, 42, 43) .
Analysis of tremor dynamics has been found to provide additional insight into the fine level of manipulative control over limb segments (35) . In support of the 180°out of phase between tremors of adjacent segment links, Morrison and Newell (35, 36) observed a functional compensatory synergy in the action of the wrist and shoulder joints in the execution of a postural task. Compared with steady postural holding, Hwang and Wu (21) reported a significant reduction in tremor couplings of the fingerhand and hand-forearm complexes during position tracking with the index finger. Physiological tremor is more susceptible to muscle fatigue than electromyographic signals recorded during sustained isometric contraction at a low exertion level (17) . This methodological advantage of detecting modest changes in muscle fatigue with physiological tremor arises because tremor can characterize mechanical properties of an exhausted muscle that are not featured by electromyography (31) .
Basically, the functions of the human hand consist of simultaneous utilization of multiple digits for a powerful grip and the skilled use of independent movements (38) . Even with preferential use of a single digit, several synergistic muscles of the hand are assumed to activate in a coordinative manner, with some digits moving more obviously than other digits (7) . The physical effects of hand synergy are able to facilitate dexterous manipulation of finger movements by minimizing accuracy constraint caused by unintended finger movements. Nevertheless, little is known about how individual finger movement is affected during the spreading of muscle fatigue (9, 11) . By examining the interplay of multisegment physiological tremors, this study sought to investigate the implicit spread of fatigue across digits after prolonged exercise of a single finger. The design of the experiment was such that spread of fatigue was evidenced by restructuring of physiological tremors in the uninstructed fingers. It was hypothesized that fatigue spread acts to alter the strength of tremor coupling and coherence among digits. In reference to feature changes in physiological tremors, the effects of fatigue spread on finger independence and reorganization in multifinger synergy are discussed.
METHODS
Subjects. Fourteen right-handed adults without any history of neuromotor problems participated in this study (10 women and 4 men, age 20 -28 yr). Written informed consent was obtained from all subjects before the experiment, and the protocols were reviewed and approved by the local ethics committee for human experimentation.
Experiment and data collection. The exercise protocol consisted of the performance of periodic flexion-extension of the metacarpophalangeal (MCP) joint of the middle finger to track the position of a target. A schematic diagram of the experiment design is presented in Fig. 1 . The subject sat comfortably on a chair with his/her left wrist and forearm firmly fixed within a thermoplastic splint on the table. All subjects performed 20 successive trials of position tracking of 30 s with the left middle finger superimposed with a weight load of 50 g on the distal phalange. The between-trial interval was 5 s, to allow storage of the data in a computer. During tracking, the subjects were asked to meticulously control flexion-extension of the MCP joint with the extended interphalangeal joint and to couple the position trace of the fingertip within a range of 2 cm (Ϯ1 cm) of the target line on the screen of the oscilloscope (GOS-620, Instek). In addition, the subjects were reminded to spread all their fingers (including the thumb) without any support and to point the extended fingers ahead in parallel to the ground during tracking. All subjects perceived that it became progressively difficult to complete precise tracking in later trials because of exhaustion of the middle finger.
The position of the instructed middle finger was monitored with a displacement-transducing laser (ZX-LD100, Omron), which was placed 4 cm above the fingertip (the midpoint of its recording range). The purpose of the laser device was to observe the performance of voluntary tracking across fatiguing contractions. A target position of 0.6-Hz sinusoidal curves was generated by a functional generator (33220A, Agilent). Both the actual digit position and the target position were simultaneously displayed online on the screen of the oscilloscope (model TDS2002, Tektronix), serving as a visual feedback to guide the tracking movement. Physiological tremors of digits during position tracking were measured with four accelerometers (ADXL203, Analog Devices; sensitivity 1,000 mV/g, measurement range Ϯ1.7 g, bandwidth 2.5 kHz) taped on the dorsal aspect of the distal phalanges of the index, middle, ring, and little fingers. Finger oscillatory activities in the vertical direction were recorded and then amplified with a gain of 10 within a signal conditioning box. Muscle activity of the extensor digitorum (ED) and the flexor digitorum superficialis (FDS) was recorded by two bipolar surface electrode units [1.1-cm diameter, gain 365, common mode rejection ratio (CMRR) 102 dB; Imoed]. The electrode on the ED was placed at three-quarters of the distance from wrist to elbow. The muscle activity of the FDS was recorded by placing the electrode on an oblique angle ϳ4 cm above the wrist on the palpable muscle mass (8) . All the signals were digitized at 1 kHz via a 16-bit analog-to-digital (A/D) converter controlled by a computer program constructed on a Labview platform (Labview v. 8.5, National Instruments).
Data analyses. Linear correlation was determined between target signal and position trace of the middle finger to assess task congruence of position tracking. A higher value of the correlation coefficient (r) indicated better task congruence of the tracking task. Accelerometer data and electromyogram (EMG) of the ED and FDS were conditioned with band-pass filters (pass band for accelerometer ϳ1-50 Hz; pass band for EMG ϳ1-400 Hz), so that a linear trend of a biased current, cross talk of cardioballistics, and sinusoidal movement artifacts were precluded before feature extraction of the digit tremors. For each individual session, estimation of temporal and spectral variables of physiological tremors included intensity, tremor correlation between fingers, power density function, tremor-EMG coherence, and principal components (PCs) of the digit tremors. Intensity of digit tremors and rectified muscle activities were represented with the values of root mean square (RMS). Since the accelerometers were placed on the fingers, the correlation coefficient of the tremor data indicated the level of correlated control being exerted between the finger segments. A higher positive correlation suggests a stronger tremor coupling between the two digits. In this study, we used PC analysis to transform multivariate data (finger tremors in the index, middle, ring, and little fingers) in each session into a set of linearly independent components [ 1(t),2(t) . . . n(t), n Յ 4] or principal components (PCs). The tremor PCs contained several singular eigenvectors onto which the original tremor data were projected. The relative significance of the PCs of the tremor data could be ranked based on their corresponding eigenvalues ( 1, 2, 3, 4), which explained variance in tremor time series. Traditionally known as dimensional reduction, PC analysis allows us to focus on the evolutional changes in fewer parameters that explain the most variance properties of digit tremor during the fatiguing contraction. Spectral variables of this study were 1) the power spectral density of the physiological tremors, 2) the power spectral density, mean frequency, and 8-to 12-Hz peak frequency/peak amplitude of the tremor PCs, and 3) the coherence spectra and 8-to 12-Hz coherence peak of the rectified EMG and tremor PCs. Coherence spectra [R xy()] were mathematically formulated as ͉Rxy()͉ 2 ϭ ͉fxy()͉ 2 /[fxx()fyy()], where fxy is crossspectra of the rectified EMG and tremor PC and fxx, fyy are autospectra of tremor PC and EMG. The approach for spectral estimation was combined windowing and spectral averaging. A Hanning window with a window length of 2.45 s and an overlap of 0.64 s was used. On the basis of the spectral profiles, the mean frequency, 8-to 12-Hz peak frequency/peak amplitude of the tremor PCs, and coherence spectra R xy() were determined in the initial and final trials of the tracking tasks. Alterations in coherence spectra of PC and EMG are helpful to characterize fatigue spread attributable to neuromuscular origins. All signal analyses were completed with custom-written programs in Matlab version 6.5 (The Mathworks).
The significance of the changes in the different forms of tremor variables was assessed with two-way ANOVA and Student's paired t-tests. The RMS of EMG of the FDS and the ED as well as task congruence of the initial and final trials were compared with Student's paired t-test. To examine the fatigue effect on the tremor of different digits, repeated-measure two-way ANOVA was used to examine the changes in RMS, 8-to 12-Hz peak amplitude/peak frequency, and the correlation coefficients of tremors of various digits between initial and final sessions of the tracking task (2 independent variables: digit and session). The same ANOVA test was performed to contrast the difference in variance properties and mean frequency among individual tremor PCs for initial and final sessions of manual tracking (2 independent variables: PC and session). All statistical analyses were completed with the SPSS 11.0 statistical package (SPSS), with the significance level set at P ϭ 0.05. Data are presented as means Ϯ SD. Figure 2 , A and B, show representative physiological recordings of the first and last trials, respectively, of the fatigue paradigm in this study. Data on task performance and muscle activities of the ED and FDS in absolute units for initial and final trials are shown in Table 1 . A marked decline in task congruence (from 0.796 to 0.668) suggested fatigue (P Ͻ 0.001). Together with inferior task congruence, EMG amplitude of the ED increased at the end of the fatiguing contraction (P Ͻ 0.05). However, the EMG amplitude of the FDS did not differ with session (P Ͼ 0.05). This finding allowed us to focus on changes in coherence spectra of tremor PCs and rectified ED EMG in the following analysis, because the ED manifested a sign of muscle fatigue for opposing gravitational torque of the loaded middle finger during prolonged tracking. Figure 3 shows the RMS values of finger tremors at the initial session and every two sessions of the fatigue paradigm. Tremor intensity for all digits appeared to increase over time. The ANOVA results suggested a significant effect of session and digit on tremor RMS (P Ͻ 0.001) ( Table 2) . Post hoc analysis suggested that the tremor RMS of the instructed (middle) finger was larger than those of the uninstructed (index, ring, and little) fingers (P Ͻ 0.05). Except for that of the little finger, tremor RMS of all digits increased in the final session (P Ͻ 0.05), in support of the fatigue spread from the middle finger to those uninstructed fingers. Figure 4 , A and B, display the group means of tremor power spectra for each individual finger in the initial and final sessions, respectively. Greater spectral peaks of digit tremors at 8 -12 Hz in the final session than those in the initial session were noted. The ANOVA results suggested concurrent trial and digit effects on 8-to 12-Hz peak amplitude (P Ͻ 0.005; Table 2 ). Spectral peaks in the range of 8 -12 Hz of all digits in the final trials were significantly enhanced in contrast to those of the initial trials (P Ͻ 0.05). Also, the instructed middle finger had greater 8-to 12-Hz peak amplitude than the uninstructed fingers (P Ͻ 0.05). On load addition, the 8-to 12-Hz peak frequency of the instructed finger (7.60 Ϯ 0.97 Hz) was initially lower than that of the uninstructed finger (P Ͻ 0.001), but this trend was no longer significant at the end of the fatigue paradigm (P Ͼ 0.05; Table 2 ). Figure 5 shows the evolutional changes in tremor correlation between fingers in the course of fatiguing contraction. The ANOVA results suggested that tremor correlation differed with session (P Ͻ 0.001), with greater correlation at the end of the fatigue paradigm (beginning session 0.136 -0.461, final session 0.303-0.584; Table 3 ). Also, not only tremor coupling between the instructed and uninstructed fingers (R23, R34, and R35) but also that between uninstructed fingers (R24, R25, and R45) was enhanced in the final session. It was interesting to find that tremor correlation was topologically organized, as confirmed by post hoc analyses of each pair of these fingers (P Ͻ 0.001). The strength of tremor correlation in the initial session decreased largely as interdigit distance from the instructed middle finger increased (R34 Ͼ R45 Ͼ R35, R24, R25; R34 Ͼ R23; P Ͻ 0.05). Despite the stronger coupling in the final session, the unique spatial pattern of tremor correlations was mainly preserved (R45, R34 Ͼ R35 Ͼ R25; P Ͻ 0.05; Table 3 ).
RESULTS
PC analysis was carried out to determine the common cause of general enhancement of tremor coupling. The plots of Fig. 6 show the typical spectral distribution of the PCs in the initial and final sessions. PC1 exhibited a predominant spectral peak at the 8-to 12-Hz band. Consisting of additional 20-to 40-Hz spectral components, PC2, PC3, and PC4 had an observable wider spectral distribution than PC1. The ANOVA results showed a significant difference in mean frequency among the PCs (P Ͻ 0.001; Table 4 ). PC4 had the highest mean frequency among the PCs, and PC2, PC3, and PC4 had higher mean frequencies than PC1 (P Ͻ 0.05). However, the mean frequency of PCs did not vary with fatigue of the instructed finger in general (P ϭ 0.997). Figure 7 displays changes in variance properties of digit tremors across sessions that each PC explained. PC1, accounting initially for most of the data variance (70.7%), represented the majority of variance of digit tremors throughout the experiment. In support of the ANOVA and post hoc analysis, the amount of variance that each PC explained was different and varied with experiment session (P Ͻ 0.001). PC1 significantly increased representation in tremor variance up to 77.5% (P Ͻ 0.05). Although the overall variance that PC2, PC3, and PC4 accounted for was small, it was still worthy of note that those PCs significantly decreased representation of tremor variance when fatigue occurred (P Ͻ 0.05; Table 4 ). The population mean of the coherence spectra of PCs and rectified EMG of the ED (Coh_ PC-EMG ) are shown in Fig. 8 . It was interesting to find that Coh_ PC1-EMG and Coh_ PC2-EMG were subject to fatigue spread, manifested initially by two distinct coherence peaks in the ranges of 8 -12 Hz and 20 -40 Hz. However, both of the coherence peaks subsided in the final session. In contrast, neither Coh_ PC3-EMG nor Coh_ PC4-EMG was fatigue sensitive, lacking any prominent spectral features in coherence spectra throughout the experiment.
DISCUSSION
The present study appears to be the first work to investigate the effect of fatigue spread across fingers using characteristic changes in physiological tremors. The novel finding was that prolonged position tracking of an instructed finger enhanced tremor amplitudes of the adjacent fingers and tremor couplings among fingers that were topologically organized. PC analysis of digit tremors suggested an inherent central constraint on digit independence following fatigue spread, in support of the progressive enhancement of the 8-to 12-Hz central rhythm acting on all digits.
Physiological evidence of fatigue and fatigue spread. The physiological dimension of muscle fatigue after sustained movements of the instructed middle finger was evidenced by 1) significant reduction in tracking congruence (Table 1) and 2) increase in ED EMG and tremulous activities of the middle finger (Tables 1 and 2 ). The adaptive increase in EMG amplitude of the ED following fatigue has been widely reported, indicating an increase in the excitatory drive to the motoneuron pool in consequence of increasing firing rate or motor unit recruitment (20, 29) . Several previous studies have reported that force fluctuation (or tremor) is susceptible to muscle fatigue (18, 19, 40) , since tremor accounts for alternations in both the neuromuscular apparatus and the intrinsic mechanical properties of an exhausted muscle (17) . Reinforcement of tremulous movements of the instructed finger (middle finger) is known to result from superimposition of unfused ripples of the force envelope under fatigue, pertaining to either decruitment of large motor units or increased discharge rate variability in the ED muscle (34) . These physiological scenarios in relation to fatigue might well explain the downgrade in pursuit performance of the instructed finger in the behavioral aspect (21) .
On the other hand, muscle fatigue facilitates progressive excitation of motor units of different subdivisions in a muscle. Martin et al. (30) noted that this coactivation was ascribed to subsidence of cutaneous suppression of the sets of cervical propriospinal neurons (C3-C4) that project to motoneurons of adjacent nonfatigued muscles. In this study, the transfer effect of fatigue was evidenced by tremor enhancement of the uninstructed fingers. Analogous to the middle finger, the uninstructed fingers exhibited a homogeneous increase in tremor amplitude ( Table 2, Fig. 3 ), the 8-to 12-Hz spectral peak, or both ( Table 2 , Fig. 4 ). In parallel with a higher degree of cortical synchronization in the sensorimotor cortex, the coding of 8 -12 Hz in tremors of the fingers (Fig. 4) is considered to be central oscillation that orchestrates cortical areas of different functions (32) . Through descending corticospinal tracts, the predominant 8-to 12-Hz rhythm might set up a common input to proprioceptive neurons that synchronize firing of motor units in different functional subdivisions of the ED muscle (12, 31, Values are means Ϯ SD. RMS EMG_ED, root mean square of electromyographic signal of extensor digitorum; RMS EMG_FDS, root mean square of electromyographic signal of flexor digitorum superficialis. 32 ) and among several synergists (30) . The degree of common synaptic input within and between motoneuron pools of a muscle in fatigue status was found to be raised (1, 14) . Motor unit synchronization means a decrease in individual control of motor units and is considered to be an economical mechanism to integrate spatially distributed neural activities in compensation for the loss in force output.
Digit independence and fatigue spread. Interaction of digit tremors, which characterized independence of finger oscillatory movements, was a potentially important approach to explore coordinative pattern among fingers during manual tracking. With either kinetic (41, 44) or kinematical (27) measures, several researchers have observed motion enslavement among fingers in many various forms of voluntary movement (9, 39, 44) . The constraints on finger independence could mechanically be a peripheral apparatus, such as web spaces between fingers and interconnections between the tendons of certain muscles (38) . In addition, neural coupling tends to reduce finger independence due to short-term synchrony between motor units acting on different fingers (23, 24 ). Hence, complete individualized movement of the fingers can hardly be achieved because simultaneous actions of the fingers are distributed from tension exerted at one point of proximal aponeurosis. Individual finger movements are also constrained by synchronous firing of motor units in the region of a muscle that serves various digits (38) . Fortunately, there exist some neural divergence mechanisms in favor of individual finger movements. For instance, the primary motor cortex is able to fashion a wide variety of output combinations by activating different pools of cortical neurons. In the periphery, cutaneous reflexes play an important role in releasing intrinsic constraints of finger movement according to task needs, by selectively modulating the short or long stretch reflex of the muscles to advance fractionated movements (2) . Together with this set of results, we argue that finger tremors might well characterize underlying changes in the enslavement phenomenon under fatigue. The reason is that tremors are fatigue dependent (17, 18) , responding sensibly to concurrent alterations in muscle mechanical properties, the central neural drive to segments, and gain of stretch reflex (33) .
Although tremor coupling might be attributable to both mechanical and neural constraints, the coupling in this study was not physically related to movement artifacts transmitted from the instructed finger. The reason was that the lowfrequency sinusoidal movement (0.6 Hz) was precluded by the conditioning procedure. It was surprising to find that the strength of tremor coupling was highly relevant to the degree of synchronization within compartments of the ED muscle that supply different digits, as reported by Keen and Fuglevand (23) . They found a gradient synchronous level (or common input strength) of motor units among finger compartments of the ED [middle-ring (D34) Ͼ ring-little (D45) Ͼ index-middle (D23), middle-little (D35)]. At the beginning of the manual tracking, there was a decreasing trend of tremor coupling as the Values are means Ϯ SD. Two-way ANOVA statistics and results of post hoc analysis are tabulated. R23, tremor correlation between index finger and middle finger; R34, tremor correlation between middle finger and ring finger; R45, tremor correlation between ring finger and little finger; R35, tremor correlation between middle finger and little finger; R24, tremor correlation between index finger and ring finger; R25, tremor correlation between index finger and little finger. *R34 Ͼ R45 Ͼ R35, R24, R25 and R34 Ͼ R23, P Ͻ 0.05; †R45, R34 Ͼ R35 Ͼ R25, P Ͻ 0.05; ‡end Ͼ initial, P Ͻ 0.05; §end Ͼ initial, P Ͻ 0.005. Fig. 6 . Contrast of spectral profiles of principal components (PCs) between the initial trial and the end (trial 20) of the repetitive contractions. A manifest spectral peak in 8 -12 Hz was noted for PC1 (A), which was subject to the fatiguing contraction. In contrast, PC2 (B), PC3 (C), and PC4 (D) contained higher-frequency bands above 20 Hz, especially PC4, which presented a second spectral peak at distance between fingers increased ( Table 3 ). The patterned organization of tremor coupling coincided with the finding that 1) the greatest synchrony of motor units occurs in the muscle compartments of the middle and ring fingers, where the strongest tremor coupling (R34) took place, and 2) extracompartment synchrony between motor units of adjacent digits is greater than that for motor unit pairs that are not of neighboring digits (strength of tremor coupling: R34, R45 Ͼ R35, R24, R25). Functionally, synchronization of motor units imposes a neural constraint on fractionated digit movements, given a decrease in activation patterns among compartments of the ED muscle. In line with the degree of motor unit synchrony of the ED (23), topological organization of tremor coupling implied a relative degree of motion enslavement among fingers attributable to a neural constraint rather than a mechanical constraint. Fatigue spread brought about a higher degree of tremor couplings between fingers, approximating a stronger neural constraint on individual fingers (Table 3 , Fig. 5) . However, the change in tremor correlation due to fatigue spread did not alter the spatial organization with respect to interdigit distance. In support of a similar degree of augmentation of 8-to 12-Hz central oscillation across fingers, we propose that enhanced neural drive to the muscle following fatigue spread is uniformly distributed on the motoneuron pools that govern different digits.
Central constraint on digit independence following fatigue spread. PC analysis further manifests the central effect of fatigue on enhancement of tremor coupling between fingers. PC1, which initially explained 70.7% of the total strength of a certain mode within the entire tremor data, increased its representation of the variance property in the final session. Spectral analysis showed that PC1 was primarily composed of the 8-to 12-Hz central rhythm and that its peak amplitude multiplied as a sign of enhanced common drive to both the instructed and uninstructed fingers with fatigue development (Fig. 6, Table 4 ). The increased sharing of the 8-to 12-Hz central oscillation (PC1) could be a decrease in the short-term/ long-interval intracortical inhibition that occurs within many neuronal populations of different areas (5, 28) . Together with activation of the high-threshold afferent nerves (groups III, IV) that give rise to somatosympathetic reflexes (13, 25) , a lateral spread of cortical excitation would facilitate a number of excitatory inflows to synergistic muscles, resulting in a greater level of motor unit synchronization of the muscles. A similar fatigue-related motor overflow, which caused enhanced EMG coherence at 8 -12 Hz across limbs, was recently reported by Boonstra et al. (6) . In effect, common mechanical action of synergists due to irradiation of effort is helpful to counterbalance torque disturbances generated by a given exhausted muscle within a neuromuscular apparatus (6, 13) . However, for the sake of postural stability, multifinger synergy on this relative steady state became less flexible because of the loss of a coordinated fashion to produce dexterous movements.
On the other hand, although PC2, PC3, and PC4 explained only a small coherent feature of the tremor signals in the initial session, an interesting observation to discuss is the significant decline in their representation of tremor variance following fatigue spread. A closer look at the spectral distribution of these tremor modes reveals that PC2, PC3, and PC4 consisted of additional 20-to 40-Hz spectral components (Fig. 6 ) and a higher mean frequency than PC1 (Table 4) . Both the computational model (37) and empirical data (42, 43) have validated that the shift in the high-frequency component at ϳ20 -40 Hz Values are means Ϯ SD. PC, principal component. *PC1 Ͼ PC2 Ͼ PC3 Ͼ PC4, P Ͻ 0.001; †PC4 Ͼ PC3 Ͼ PC2 Ͼ PC1, P Ͻ 0.001; ‡end Ͼ initial, P Ͻ 0.001; §initial Ͼ end, P Ͻ 0.001. is susceptible to gain modulation of the muscle-spinal reflex loop under various gravitational conditions. Because of a preferential compliance change in properties of spindle chain fibers and bag II fibers, sensitivity of the stretch reflex declined with sustained fatiguing contraction (4, 22, 45) . Several lines of evidence have shown that muscle spindles of a fatigue muscle become disfacilitated, leading to reduction in Ia afferent flows in the stretch reflex loop (10, 32) . Through heteronymous Ia connections (26) , compensatory reduction in reflex gain might further spread across the muscles responsible for individual finger movements. Although some researchers have argued that an enhanced stretch reflex is a potential neural contributor to large-amplitude tremors after muscle fatigue, the present data favor the view that the relative significance of the stretch reflex in regulation of independent finger action fades with fatigue spread, given the corresponding reduction in representation of tremor PCs containing tremor of 20 -40 Hz. However, to be accentuated, the fatigue spread caused by gain modulation of the muscle-spinal reflex loop would play a less significant role than enhanced common drive, because PC2, PC3, and PC4 accounted for less tremor variance compared with PC1 throughout fatiguing contraction.
Reduction of tremor-EMG coherence spectra and fatigue spread. The pooled coherence between tremor PCs and rectified ED EMG (Coh_ PC-EMG ) provides a good estimate of the contribution of surface EMG activities (or motor units) to the tremor PCs. A striking difference among Coh_ PC-EMG values was noted (Fig. 8) . Both Coh_ PC1-EMG and Coh_ PC2-EMG exhibited an observable fatigue-related decline, whereas Coh_ PC3-EMG and Coh_ PC4-EMG not only presented a low value in the initial session but also varied insignificantly with time. Hence, digit tremor data in the fatigue process could be dichotomized into two different categories via PC analysis and coherence analysis.
The observed reduction in Coh_ PC1-EMG and Coh_ PC2-EMG is an issue under debate. In contrast to the enhancement of PC1 and PC2 in the range of 8 -12 Hz when fatigue spread occurred, it seemed unusual to detect a decline of Coh_ PC1-EMG and Coh_ PC2-EMG with progress in fatigue. The perceived mismatch of decline in coherence results may well illustrate that such a reduction mechanism of Coh_ PC-EMG is muscular rather than neural. The EMG structure of the ED muscle under fatigue is pronouncedly altered by reduction of muscle fiber conduction velocity (15) , in support of a corresponding decline in median frequency of the EMG ED (initial 98.3 Ϯ 9.7 Hz, final 93.5 Ϯ 8.5 Hz; t 13 ϭ 3.293, P ϭ 0.006). In contrast, the spectral features of tremor PCs that contained load-insensitive central oscillation were relatively unaffected by the fatigue process (Table 4) . On account of the incomparable change in spectral correlation, we argue that size-dependent deactivation of large motor units might play a crucial role in the waning of Coh_ PC1-EMG and Coh_ PC2-EMG , allowing for a greater decline in conduction velocity secondary to muscle fatigue sought in those fatigable motor units (16) . A similar waning of coherence spectra has been reported during sustained isometric contraction at high exertion level, when preferential deactivation of large motor units was noted (17) . In addition, elderly adults, who have fewer large motor units in adaptation to aging, do not present fatigue-dependent reduction in EMG-tremor coherence in the same way as young adults (18) . Hence, the appearance of reduced Coh_ PC1-EMG following fatigue spread could be a consequence of selective deactivation of large motor units. In conjunction with enhanced PC1 and EMG of ED, these scenarios are likely to reflect enhancement of widespread oscillatory activities in the supraspinal center. This is a global process activated to recruit additional motor units, particularly those smaller units in different neuromotor pools, against rising postural fluctuations after fatigue spread. The implicit cost was reduction of finger independence in light of enhanced tremor correlation among digits.
Conclusions. Our results strongly suggest that fatigue spread caused tremor potentiation of the uninstructed fingers and enhancement of tremor coupling among digits that was topologically organized. PC analysis of digit tremors indicated that enhancement of central oscillation at 8 -12 Hz and reduction of stretch reflex placed a significant limitation on digit independence. Our finding also highlighted the importance of investigating control strategies of motor units in the case of fatigue spread and its relationship to the fading of coherence spectra between EMG and digit tremors. 
